Infrared neural stimulation (INS) pulses at water-absorbed mid-IR
Introduction
Recent years have seen the emergence of applied optical neurostimulation, driven by the introduction of two promising new optical technologies for activating nerve cells:
light-sensitive ion channels and pumps 1 ("optogenetic stimulation") and direct INS stimulation 2, 3 . Despite the tremendous promise of optogenetic photo-stimulation tools, stable transduction is currently only obtainable through viral transfection, and may face substantial barriers currently faced by other gene-therapy approaches, prior to its clinical application. An alternative, potentially more direct and simple path to light-mediated neuro-stimulation in various neural tissues may become possible using mid IR laser pulses tuned to water-absorption peaks around 2m. Effective stimulation using this approach was demonstrated, for example, in peripheral nerve 2 , cranial nerves (facial 4 , auditory 5 & vestibular 6 ), central auditory system in vivo 7 and in vitro CNS neuronal preparation 8 . Similarly, we recently reported neural stimulation based on photo-thermal excitation of exogenous photo-absorbers, an approach tentatively termed Photo Absorber Induced Neural-Thermal Stimulation or PAINTS [9] [10] [11] .
The experimental work of Wells et al. 12 studied three probable mechanisms for INS excitation (electric-field mediated, photo-mechanical and photo-thermal), concluding that the most likely mechanism is photo-thermal, resulting from the absorption of IR illumination by the tissue"s water content. Indeed, there are a number of well known temperature-dependent biophysical effects that could potentially be involved in mediating photo-thermal effects of a heating pulse: a decrease in the Nernst potential, 
Methods

Cell Culture PAINTS Experiments
Cell 
PAINTS Experiments:
The photo-thermal stimulation experiments were performed 1-3 weeks after plating of the primary culture. To induce thermal activation of the cortical neurons, high intensity light patterns were directed onto particles in the vicinity of the cells using a computer based holographic system developed by our group 20 . Stimulation power thresholds for varying pulse durations were measured.
Computational Modelling
Detailed computational models that capture both physical and biophysical properties of the experimental setting were developed to describe laser-induced temperature transients and their effect on nerve cells. In these models we tested a temperature-rate hypothesis wherein a temperature change leads to an effective transmembrane current proportional to the derivative of the temperature w.r.t. time.
PAINTS
To calculate the tissue temperatures generated by PAINTS experimental conditions, we used an analytical solution to the heat equation around a discrete absorber 21 : 
22
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Auditory Nerve IR stimulation
We also simulated the experimental conditions reported by Izzo, Richter and colleagues in their studies investigating the dependence of optical auditory neuron stimulation on laser wavelength and pulse duration 18, 19 . The physical parameters and pulse durations are summarized in 
Results
Photo-thermal excitation with extrinsic absorbers
Short pulses (0.5 to 5ms) of intense, highly-localized light patterns were generated using a high-rate computer-generated holography system 20 micro-particles, and nearby cells were observed to be activated by the resulting microthermal transients (Fig. 1b) . Calcium transients were induced for pulses as short as 0.5msec with no apparent damage to the cell. A threshold power level required for neuronal activation was measured for the different pulse durations (Fig. 1c, n=35 cells, =0. 
PAINTS model
To calculate the temperature transients elicited in the PAINTS experiments, the power thresholds measured in these experiments for the various pulse durations were substituted into Eq. 1. Figure 2 illustrates the resulting temperature transients (Fig.   2a ) and their derivatives (Fig. 2b ) for these parameters 
Auditory Nerve INS model
The integration for calculating the temperature transient (Eq. 2) was solved for the parameters in Table 1 . Figure 4 describes the spatial and temporal distributions of the temperature transient following a 300µsec pulse for both wavelengths used by Izzo et al. 18, 19 . The time derivative of the induced temperature transients for the various pulse durations used were calculated (Fig. 4.c) . Note the different spatiotemporal behaviour of the temperature transients for the varying wavelength-dependent absorption.
Stimulation currents proportional to these temperature rates were injected into the biophysical model described above. A scaling constant was derived as the ratio I thresh / I PT between the threshold currents for auditory nerve stimulation I thresh (from the computer model), and the maximal value of the temperature derivative I PT , calculated for a constant pulse energy of 1mJ/cm 2 for each pulse duration . The threshold pulse energy is seen to be proportional to this ratio. 
Discussion
In this paper, we introduced and tested a temperature-rate based hypothesis for the quantitative description of the effects of photo-thermal stimulation on neural tissue.
To test this hypothesis, we studied neuronal computer models where a thermallyinduced trans-membrane stimulation current proportional to the rate of temperature change (I  dT/dt) was injected as a somatic stimulation current. The stimulation thresholds obtained in these simulations were found to be in very good agreement with empirical photo-thermal activation threshold results. This was shown both for PAINTS thresholds measured here in a cortical cell culture with black microparticle photo-absorbers (Fig. 3) as well as for data obtained by Izzo, Richter and colleagues 18, 19 in their experiments of auditory neuronal stimulations (Fig. 5) . Another way of looking at this is by examining how constant is the scaling ratio I thresh /(dT/dt) max for the different pulse durations reported in each experiment. The coefficient of variation (standard deviation/mean) of these ratios in the experimental data in figs. 3b and 5b is 0.25 and 0.28 respectively.
What are the possible underlying mechanism driving such temperature-rate effects?
First, it appears that these effects are probably not mediated through temperature effects on channel rate kinetics (Q10). To examine this issue, we incorporated the Q10 factor effect on the ionic channels transition rates and conductance values into our cortical cell model, and observed that this failed to initiate action potentials (data not shown).
Second, it appears that these effects are exactly opposite to the temperature-rate proportional hyperpolarization predicted by Barnes" analysis of the Potassium Nernst potential. Although this result inspired our search for a temperature-rate dependent effect, it is inconsistent with intracellular measurements during INS 13 , and is not generally consistent with the observed excitations.
Third, it was argued 13 that the uniformity of photo-thermal excitation and the negative reversal potential observed appear to rule out TRP channels as an underlying mechanism, suggesting that the mechanism is a more general and generic effect on the cells" membrane. 
it becomes apparent that a temperature-rate current can easily derive from temperature-dependent changes in the membrane"s capacitance. Such changes could, e.g., result from rapid temperature-dependent changes in environmental pressure or in intramembrane hydrophobic forces 27 , which could both potentially lead to rapid membrane narrowing and thus a depolarizing current (M. Plaksin and E. Kimmel, personal communications -interestingly, related effects are thought to be responsible for ultrasound neural stimulation 28 ).
In conclusion, the empirical temperature-rate law presented here for photo-thermal neural stimulation could help direct future basic and applied studies of these phenomena. Under this model"s assumptions, when a square INS pulse with duration much shorter than the thermal confinement time is applied, the injected current will approximate a square pulse of the same duration, proportional to pulse power. Thus, the injected charge will be proportional to pulse energy, and thresholds can potentially be derived from classical results for biophysical strength-duration relations 16 .
